Objective In the era of limited healthcare budgets, healthcare costs of heart valve implantations need to be considered to inform cost-effectiveness analyses. We aimed to provide age group-specific costs estimates of heart valve implantations, related complications and other healthcare utilisation following the intervention. Methods We performed retrospective analyses of healthcare costs of patients who had undergone heart valve implantations in 2010-2013 and controls using claims data from Dutch health insurers. Heart valve implantations included surgical valve replacement and transcatheter valve implantation in all heart valve positions. Patients were divided in four age groups. Control groups were created by taking random samples of the Dutch population stratified by age, gender, socioeconomic status and comorbidities. We applied non-parametric bootstrapping to address uncertainty of the cost estimates. The association of patient and intervention characteristics with costs was determined by (multilevel) generalised linear models. Results The baseline characteristics of 18 903 patients and 188 925 controls were comparable. The annual healthcare costs were substantially higher for surgical heart valve replacement patients than for controls, especially in the year of heart valve implantation. Factors associated with increased annual healthcare costs for patients were older age, female gender, comorbidities, low socioeconomic status and complications. Conclusions We provided a comprehensive overview of age group-specific incidence of heart valve implantations, subsequent survival and complications as well as associated healthcare costs of all patients in the Netherlands. Our results provide real-world costs estimates that can be used as a benchmark for costs of future innovative heart valve implantations.
IntROduCtIOn
Heart valve disease has a profound impact on the use and costs of healthcare. This impact is even greater for heart valve disease than for coronary heart disease, despite the higher prevalence of coronary heart disease. 1 In developed countries, the prevalence of heart valve disease is 2.5%, and this prevalence is the highest in patients aged ≥75 years (13.3%). 2 Due to an ageing population,
Key questions
What is already known about this subject? ► Due to the ageing of the population, the number of patients with heart valve disease is expected to increase as is the number of heart valve replacements. The scarcity of resources for healthcare requires an analysis of the impact of this development on costs and cost-effective ness. ► Comprehensive and comparable cost estimates for the entire target population and its subgroups are lacking. The costs of surgical valve replacement and transcatheter valve implantation and subsequent healthcare use have only been estimated for specific risk groups such as elderly high or intermediate surgical risk patients. Moreover, these estimates include only short-term costs.
What does this study add?
► This study adds valuable real-world, age groupspecific cost estimates of all costs associated with heart valve implantations (in all valve positions), including the costs of heart valve implantations itself, complications and healthcare use in the years following the heart valve implantation. Furthermore, this study provides a unique insight in the differences in incidence, health outcomes and (predictors of the) associated healthcare costs of heart valve implantations between patients with different ages. the number of patients with heart valve disease requiring valve replacement is expected to rise, reaching more than 800 000 annual procedures worldwide by 2050. 3 As a result, healthcare expenditures and societal burden of heart valve disease will increase. In patients with severe heart valve disease, replacement of the native valve with a heart valve substitute may be required. There are different effective options, but every heart valve substitute type also has its limitations. 4 In the future, these limitations may be reduced with the many emerging technologies in the field of heart valve interventions, such as tissue-engineered heart valves and less invasive implantation methods. Before these new technologies can be introduced in clinical practice, it is important to establish that they are effective and cost-effective, considering the scarcity of resources for healthcare. To determine whether a new intervention is cost-effective, the costs and effects of the new intervention need to be compared with current care. Since the choice of heart valve implantation and its outcomes differs substantially among age groups, 5 it is likely that healthcare costs will also be influenced by patients' age. Hence, having robust age group-specific estimates of the costs of current care is important.
The objective of this study was to estimate the costs of currently used heart valve implantations and also costs of complications as well as healthcare use outside hospitals in the years after heart valve implantations in different age groups. We estimated these costs by retrospective analyses of health insurance claims of patients who had undergone heart valve implantations. This provides valuable real-world age group-specific cost estimates of all costs associated with heart valve implantations, in comparison with previous studies that focused on costs of the heart valve implantation and short-term follow-up in specific age groups only. 6 7 
MetHOds

Patients
We used health insurance claims databases ('Vektis') that contain the healthcare expenditures of all the insured in the Netherlands, which is 99% of all Dutch residents (±17 million people). Patients were selected using Diagnosis Related Group (DRG) codes of heart valve implantations (online supplementary table S1). We could distinguish DRG codes for isolated or multiple surgical heart valve replacement (SVR) and transcatheter heart valve implantation (TVI) in every heart valve position with or without concomitant procedures. In the pulmonary and tricuspid valve position, DRG codes did not distinguish between valve repair and replacement; therefore, patients who have undergone repairs in these valve positions are also included in our patient population.
We used data from Vektis for the years 2010-2013. Data before 2010 are generally considered less valid. On the date of data extraction for this study (January 2016), data from the years 2014 and further were incomplete due to time lags in administrations. Before 2013, there was no specific DRG code for TVI; therefore, we could only include TVI patients in the year 2013.
Controls
To calculate the excess healthcare costs due to the heart valve implantation, we compared annual healthcare costs of the patient group with a control group. The control group was created by stratified sampling from the remainder of the Dutch insured population in the Vektis databases to ensure that the distributions of person characteristics across the strata were similar to that in the patient population. The control group was 10 times as large as the patient population. Strata were based on age class, gender, socioeconomic status (SES) and comorbidities. Age was divided into nine age classes: 0-1, 2-18, 19-30, 31-40, 41-50, 51-60, 61-70, 71-80 and >80 years. SES was based on status scores reflecting the SES of a district based on characteristics of its residents: education, income and position on the labour market. 8 The status scores were divided in four groups based on percentiles, with lower percentiles representing lower SES. Comorbidities were based on Pharmacy Cost Groups, which is an outpatient morbidity measure based on prior use of prescribed drugs as marker for chronic conditions. 9 The strata used for comorbidities differed per age class because of differences in prevalence of comorbidities (see online supplement).
Healthcare costs
Patients were followed over time from the opening date of the heart valve implantation DRG in the financial administrative system until death or until 31 December 2013, whichever occurred first, to assess whether they experienced complications after the heart valve implantation and to collect their other healthcare costs besides the costs of heart valve implantation itself.
For every patient, the costs of the initial heart valve implantation and the healthcare costs during the first postintervention year and subsequent (max. 4) years were determined. Costs were defined as expenditures reimbursed by health insurers and expressed in euros (€). The procedure costs included the costs of the DRG and intensive care unit (ICU) stay. We assumed that the costs of ICU stay in the first postintervention year excluding the ICU costs related to specific complications were related to the heart valve implantation.
Complications were extracted from the Vektis database using DRG codes for treatment of complications (online supplementary table S2). The complications of interest were based on the conceptual model we have developed previously. 5 The following complications were available in the Vektis database: acute kidney injury, atrial fibrillation (AF), stroke, transient ischaemic attack, prosthetic valve endocarditis (conservative treatment), myocardial infarction, pacemaker implantation and reintervention (redo heart valve implantation). For every complication, costs (DRG+ICU costs), proportions of Valvular heart disease patients admitted to the ICU and number of ICU days were determined.
For both patients and controls, annual healthcare costs were determined. The starting point of the calculation of annual healthcare costs of patients is the quarter in which the heart valve implantation was performed. The annual healthcare costs were classified into costs of general practitioners, specialised medical care (both inpatient and outpatient care, including costs of DRGs, ICU stay, medicines on the expensive drugs list, primary care diagnostics and other costs), pharmaceuticals, paramedical care, patient transport, home care, nursing homes and geriatric rehabilitation care. Cost of medicines on the expensive drug list, home care, nursing homes and geriatric rehabilitation care were only available in the Vektis database from the year 2012 onwards.
statistical analysis
The statistical analyses were performed with SAS V.9.4 using SAS Enterprise Guide V.7.1.
Descriptive analyses
Patients and controls were divided in four age groups: children (0-18 years), young adults (19-60 years), middle aged (61-70 years) and elderly patients (>70 years). For every age group, we performed descriptive analyses of person and intervention characteristics, occurrence of complications and healthcare costs. Continuous variables were depicted as means and standard deviation (SD) or 95% confidence interval (CI) and discrete variables as counts and proportions. We assessed survival after SVR and TVI using Kaplan-Meier estimates. The difference between mean healthcare costs of patients and controls was calculated; mean costs of controls were based on the same calendar years as patients (eg, for patients postintervention year 2 could be between 2011 and 2013; therefore, these costs were compared with the average costs of controls in 2011-2013). As the cost data were skewed, non-parametric bootstrapping (2000 replications) was used to address uncertainty (with 95% CI based on 2.5th and 97.5th percentile) in the annual healthcare costs. To be able to report annual healthcare costs, only patients who were followed the entire year of interest (including patients who died during this year) were included in these analyses.
Association analyses
To estimate the association between healthcare costs and patient and intervention characteristics, we developed (multilevel) generalised linear models ((M)GLM) for intervention, complication and annual healthcare costs. For annual healthcare costs of patients after heart valve implantations, we estimated a MGLM for children and for adults with normal distributions and identity links and with several observation periods per patient. All patients with at least 1-year complete follow-up were included. We excluded patients with incomplete follow-up in the first post intervention year (except for patients who died) to avoid overestimation of costs per day in post intervention
year one due to the high costs in the period after the intervention. To correct for differences in total duration of follow-up, the total healthcare costs were divided by the follow-up duration to estimate average costs per day during the specific year. The independent variables included in the MGLMs for children and adults were time (ie, intervention period (no defined length; includes costs of heart valve implantation and ICU stay), remaining postintervention year 1 and postintervention years 2, 3 and 4), gender and SES. In addition, the model of adults included age groups, comorbidities, mortality and complications. Mortality and the occurrence of complications were time dependent. Comorbidities, mortality and the occurrence of complications were not included in the model for children because there were no children with comorbidities and only a small proportion of children who experienced complications (including mortality). Details about the GLMs in which the costs of interventions and complications were analysed separately can be found in the online supplementary material.
Results study population
In total, we included 18 903 patients (SVR: n=17 991, TVI: n=912) and 188 925 controls. The baseline characteristics of patients and controls were comparable (table 1) . The mean (median) follow-up was 1.9 (1.9) and 0.4 (0.4) years for SVR and TVI patients, respectively. Figure 1 illustrates the Kaplan-Meier survival curves after SVR and TVI. During follow-up, 41 children (10.0%), 841 young adults (26.2%), 1424 middle-aged patients (29.5%) and 3036 elderly patients (31.9%) experienced one or more complications after SVR. After TVI, six young adults (18.2%), two middle aged (2.9%) and 157 elderly patients (19.4%) experienced complications. Table 2 presents the occurrence of complications per postintervention year, the proportion of patients with ICU stay and the mean length of ICU stay after complications. Table 3 and figure 2 summarise the costs of heart valve implantations, complications and total annual healthcare costs during the first three postintervention years divided by age group. These costs could not be determined for TVI patients because their follow-up was less than 1 year. The annual healthcare costs of patients were substantially higher than the costs of controls in all age groups, especially in the year of implantation (figure 2; children €11 766 vs €796, young adults €15 060 vs €2944, middle aged €16 104 vs €4612 and elderly €18 255 vs €9236). The patients' annual healthcare costs were substantially higher than controls for most types of healthcare across all age groups (online supplementary tables S3-S6). However, middleaged and elderly patients had substantially lower costs of nursing homes than controls in postintervention year 1 (€866 vs €2761). The costs of nursing homes remained substantially lower in elderly patients in postintervention Valvular heart disease years 2 and 3 (€1763 (year 2) and €1990 (year 3) vs €2761 for controls). In addition, costs of home care were lower for elderly patients than controls in the first year after the intervention(€1199 vs €1330). dIsCussIOn Using the comprehensive Vektis databases, we were able to estimate the real-world age group-specific incidence of heart valve implantations, subsequent survival and complications as well as the associated healthcare costs of all patients in the Netherlands who had undergone a heart valve implantation during our study period. Although the estimates are specific to the Dutch healthcare system, the results regarding differences between age groups, distribution of costs over types of healthcare and associations between patient and intervention characteristics and healthcare costs are also relevant for other countries. Our results can help raise awareness of the costs associated with heart valve implantations among clinicians and healthcare policy makers, which is important in the current era of limited healthcare budgets. However, we want to emphasise that considerations about costs should not play a role in the treatment decision for individual patients. Instead the results can be used as a benchmark in cost-effectiveness analyses for new technologies that will be introduced in clinical practice in the future, such as tissue-engineered heart valves. 5 This study has shown that Dutch health insurers spent over €120 million per year on procedure costs for heart valve implantations, of which 2% is spent on children, 17% on young adults, 26% on middle aged and 56% on elderly patients. Although there were no substantial differences in procedure costs between age groups, the costs of SVR were generally higher in older patients, while costs of TVI were lower for older patients. There was no trend in complication costs in relation to age groups. In addition to procedure costs, patients had excess healthcare costs after the heart valve implantation compared with controls in almost all types of healthcare. These excess healthcare costs were especially high in the year of heart valve implantation; 41 (children), 14 (young adults), 9 (middle aged) and 5 (elderly) fold higher in patients than controls. In the subsequent postintervention years, however, the excess healthcare costs decreased. This decrease may be explained by survival of the fittest patients.
Healthcare costs: descriptive analyses
Healthcare costs: association analyses
In contrast to other types of healthcare, the costs of nursing homes were substantially lower for elderly patients than for controls. This may be caused by selection bias of relatively healthy elderly patients for SVR. Patients living in nursing homes may be less likely to undergo heart valve implantation due to other factors influencing someone's health state, such as frailty or dementia. Since these factors could not be taken into account when defining the control sample, people living in nursing homes may be over-represented in the control group as compared with the patient group.
As expected, older age, female gender, comorbidities, low SES and/or experiencing complications (including death) were associated with higher annual healthcare costs. It should be noted that the aim of this study was to describe and predict costs and that it does not make casual claims. Nevertheless, some explanations for the associations can be considered. The association of lower SES and poor health has also been shown consistently in previous research. 10 The association of gender and Valvular heart disease ICU stay in days, mean±SD
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Year costs, even after adjusting for comorbidities and complications, is in line with previous research that found that women have higher healthcare costs than men. 11 In cardiovascular diseases, this might be due to the different preoperative risks profiles of women compared with men, 12 13 which may be caused by delayed presentation or diagnosis of valve problems and/or later referral to cardiothoracic surgery of women. 12 If these different risk profiles result in slower or impaired recovery of women compared with men, this might result in more use of healthcare and thereby higher annual healthcare costs.
strengths and limitations
An important strength of our study is the use of databases including the health insurance claims of 99% of Dutch residents. Therefore, almost all patients that have undergone heart valve implantations during our study period were included, and we presented outcomes in a diverse study population that reflects the range and distribution of patients in clinical practice instead of focusing on specific age or risk groups. 14 This resulted in comprehensive analyses of the real-world healthcare costs associated with heart valve implantations with high external validity and generalisability. Since healthcare decision makers need information about the cost-effectiveness in the real world, our results provide valuable input for the costs in cost-effectiveness analyses based on data generated in routine care instead of under experimental conditions. 14 Furthermore, this study provided a unique insight in the differences in incidence, health outcomes and associated healthcare costs of heart valve implantations of patients with all ages, divided over four informative age groups.
Our study also has some limitations. First, we could not separate our results for different types of valve prostheses (eg, mechanical and biological prostheses). However, although the type of prosthesis has impact on survival and complication rates, we do not expect that the type of prosthesis has a large impact on healthcare costs. Furthermore, since the DRG code for TVI was only available from 2013, the follow-up was too short to estimate annual healthcare costs in postintervention years for these patients. Additionally, since complications were identified using DRG codes, we could only determine the incidence and costs of complications for which patients were treated in the hospital (including outpatient treatment). Furthermore, not all inhospital complications could be identified because for some complications the costs may be included in the DRG of the initial heart valve implantation instead of a separate DRG. In addition, the exact date of the heart valve implantation was unknown; instead, the opening date of the DRG in the financial administrative system was used as a proxy. It is possible that the heart valve implantation took place a few days/weeks before or after the opening date of the DRG. Furthermore, we could not calculate annual healthcare costs from the exact date of the intervention onwards but only from the quarter in which the intervention took place. Finally, the reported costs are expenditures reimbursed by health insurers based on agreements between healthcare providers and insurers, not actual costs.
COnClusIOn
This study provided a comprehensive overview of age group-specific incidence of heart valve implantations, subsequent survival and complications as well as the associated healthcare costs of all patients who had undergone a heart valve implantation in the Netherlands. We have shown that after heart valve implantation, patients have substantially higher healthcare costs than controls. The costs are higher in patients with comorbidities and patients who have experienced a complication. The costs estimated in this study can be used as a benchmark for future innovative heart valve implantations, such as tissue-engineered heart valves.
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